Background
==========

The moderate scheme of general anaesthesia consists of unconsciousness (hypnosis), analgesia, and immobilization \[[@b1-medscimonit-20-481],[@b2-medscimonit-20-481]\]. During the peri-operative period, because nociception and hypnosis are partially inter-related, deep hypnosis reduces nociception and powerful nociception arouses awakening \[[@b3-medscimonit-20-481],[@b4-medscimonit-20-481]\]. Clinically, the depth of anaesthesia has always been evaluated by observation of autonomic reactions, such as tachycardia, hypertension, sweating, lacrimation, and the presence of body movement. These indices are helpful measures, but they are not direct indicators of hypnotic and analgesia effects. There is no "gold standard" available for monitoring balanced anaesthesia \[[@b5-medscimonit-20-481]\]. Therefore, further direct and reliable methods for monitoring the depth of anaesthesia (both analgesia and hypnosis) are needed.

The photoplethysmogram (PPG) waveform is a non-invasive and readily available optical signal, which is able to measure pulsatile blood volume in the microvascular bed. PPG is inexpensive, noninvasive, and convenient, and has increasingly attracted attention from investigators from diverse domains of science \[[@b6-medscimonit-20-481]\]. The PPG waveform contains information related to the balance (or analgesia level) between nociception and anti-nociception undergoing general anaesthesia, which has been ascertained to result in physiological reactions of the autonomic nervous system (ANS) \[[@b7-medscimonit-20-481]--[@b9-medscimonit-20-481]\]. The cerebral state index (CSI), which is obtained by a cerebral state monitor (CSM™ Danmeter, Odense, Denmark), has been recommended as a measure for monitoring the hypnosis component of anaesthesia, but its application has not yet been fully evaluated \[[@b10-medscimonit-20-481]--[@b12-medscimonit-20-481]\]. Furthermore, there are no reports comparing the performance of PPG with CSI in monitoring anaesthetic depth under general anaesthesia.

The aim of the present explorative study was to detect the similarities and differences between finger PPG and CSM™ and to identify a reliable method for monitoring balanced anaesthesia.

Material and Methods
====================

Patients
--------

Sample size calculation was performed using G\*Power software (version 3.1, Franz Faul, Universitat Kiel, Germany) \[[@b13-medscimonit-20-481]\]. We calculated that we would need to recruit at least 25 patients. The study was approved by the Ethics Committee of Nanjing Hospital, which is affiliated with Nanjing Medical University. With written informed consent from each patient, 45 patients (American Society of Anesthesiologists (ASA) physical status I or II) who were scheduled for elective thyroid or breast surgery were eligible for the research. The ages of these patients varied between 20 and 67 years old. The patient selection exclusion criteria included the following: a history of hypertension or diabetes or overweight; a history of hyperthyroidism or autonomic nerve dysfunction; chronic use of alcohol or psychoactive medication or substance abuse; abnormalities in cardiovascular, pulmonary, renal, hepatic, cerebral nerve system, or fingernail; and rescue medication administered for correcting low heart rate or blood pressure in the study.

Monitoring
----------

The patients were given no premedication. After the patients arrived at the operating room, transfusion of Ringer's lactated solution was started. The sensor of a reusable pulse oximeter was placed on the index finger of the non-dominant hand for tracing photoplethysmogram, which were recorded automatically by using a serial cable and S/5 Collect™ software (GE Healthcare) running on a portable computer. The CSI monitor composite electrodes were attached according to manufacturer's instruction to the midline of the patient's forehead, laterally on the forehead, and on the mastoid process behind the ear. After a basic control for electrode impedance, the monitor computed the index from the primary EEG signals, which offers numerical indices from 0 to 100. The finger photoplethysmogram and cerebral state index were continuously monitored and recorded every 2--4 s. The Modified Observer's Assessment of Alertness/Sedation Scale was recorded every 30 s to examine the sedation level in the study period. Finger photoplethysmogram amplitude (PPGA) and pulse beat interval (PBI) were calculated off-line. Under general anaesthesia, routine monitoring contains heart rate, MAP, electrocardiography (ECG), saturation of pulse oximetry, and concentration of inspiratory oxygen.

Anaesthesia
-----------

Anaesthesia was induced with a target-controlled infusion (TCI) of propofol. The initial concentration of target effect-site was set at 0.5mg/L, regulated in steps of 0.5 mg/L, and adjusted every 3 min until 3 min after the patient lost consciousness and did not respond to pain stimulation (MOAAS 0). Propofol was administered by Diprifusor software (version 2; AstraZeneca), which consists of the pharmacokinetic model depicted by Marsh et al. \[[@b14-medscimonit-20-481]\]. After anesthesia induction began, manually operated normo-ventilation was started. Endotracheal intubation was placed after patients were administered fentanyl 4 μ/kg and cisatracurium 0.2 mg/kg i.v. and maintained serum concentration of remifentanil at 4 ng/ml to keep MOAAS at 0. The recording was accomplished 3 min after the skin was incised, and subsequent anaesthesia was adjusted according to clinical need. The operation room temperature was maintained at 23--25°C.

Data collection and statistical analysis
----------------------------------------

The baseline of all observation indices were recorded during the last 1 min before propofol transfusion was started. Sedation level was estimated every 30 s according to the Modified Observer's Assessment of Alertness/Sedation (MOAAS) rating scale until loss of response to stimulation in the study \[[@b15-medscimonit-20-481]\]. The photoplethysmogram data stored in the portable computer previously was used to compute PPGA and PBI off-line. The baseline of photoplethysmogram amplitude (PPGA~(0)~) was recorded as 1 arbitrary unit (au), and the PPGA of other points was recorded as the ratio of PPGA~(n)~/PPGA~(0)~, and the PBI was extracted from photoplethysmogram waveform. [Figure 1](#f1-medscimonit-20-481){ref-type="fig"} clarifies the parameters from a standard photoplethysmogram wave that responds to nociception: photoplethysmogram amplitude (PPGA), notch amplitude (PPG n), pulse beat interval (PBI), and area under the curve (AUC) \[[@b16-medscimonit-20-481],[@b17-medscimonit-20-481]\]. CSI and MAP were consecutively monitored and recorded. Because the consecutive measurements within 1 subject are correlated, a single value was calculated for each patient as the mean value during the specified period. The statistical comparisons were performed using these single values from different subjects.

Values are reported as mean ± standard deviation unless otherwise indicated. All data were tested for normal distribution using the Kolmogorov-Smirnov test. We employed the paired-samples T Test to compare these single mean values before and after tracheal intubation, pre-incision, and post-incision. Correlations were calculated between MOAAS and PPGA, PBI, MAP, and CSI, and Spearman correlation coefficients were computed. We calculated the probability that the PPGA, PBI, MAP, and CSI could predict MOAAS using the jack-knife method \[[@b18-medscimonit-20-481]\]. A prediction probability (P~k~) value of 1 means perfect prediction, whereas a (P~k~) value of 0.5 would mean the indicator is useless for predicting the depth of anaesthesia. All tests were 2-tailed, and the threshold of statistical significance was *P*\<0.05. Statistical analyses were all performed using SPSS (version 16.0; SPSS Inc., Chicago, IL, USA).

Results
=======

Four cases were excluded due to technical failure, and another 2 cases were excluded due to rescue medication administration for correcting low heart rate or blood pressure. No patient reported recall of intraoperative awareness when interviewed just prior to discharge. Data from 39 subjects (7 men and 32 women) out of the original 45 were analyzed. The mean (SD) value of their age, weight, and height were 48.4 (11.0) years, 61.7 (6.5) kg, and 164 (5.8) cm, respectively.

For the period of time from pre-induction to pre-intubation, CSI decreased after induction of anaesthesia. The increase in sedation (MOAAS decreasing from 5 to 0) correlated best with decreases in the values of CSI (from 99 to 41), but was not associated with other indices ([Figure 2](#f2-medscimonit-20-481){ref-type="fig"}). The coefficients of correlation among MOAAS and CSI were higher than those between MOAAS and PPGA, PBI, and MAP. CSI showed higher prediction probabilities (P~k~) to differentiate the levels of MOAAS than PPGA, PBI, and MAP. The results of Spearman rank correlation among PPGA, PBI, MAP, CSI and the level of MOAAS, and the P~k~ values of MOAAS for PPGA, PBI, MAP, and CSI are shown in [Table 1](#t1-medscimonit-20-481){ref-type="table"}.

PPGA and PBI decreased and MAP increased during tracheal intubation and skin incision, and the shape flattens and narrows. [Figure 3](#f3-medscimonit-20-481){ref-type="fig"} displays a simulated representative photoplethysmogram waveform. PPGA, PBI, and MAP values showed significant differences between pre- and post-tracheal intubation, as well as pre- and post-incision (*P*\<0.05), but no significant changes in CSI (*P*\>0.05) ([Table 2](#t2-medscimonit-20-481){ref-type="table"}).

Discussion
==========

Depth of anaesthesia is a complicated concept, which contains 3 components: hypnosis, analgesia, and relaxation \[[@b19-medscimonit-20-481]\]. It is difficult to measure because there is still no "gold standard" for monitoring and defining balanced anaesthesia. PPG technology and EEG-derived variables are rapidly being developed. PPG and CSI are non-invasive, inexpensive, and convenient, which is advantageous in facilitating long-term continuous monitoring. However, there are no reports regarding the similarities and differences between finger PPG and CSM™ in monitoring balanced anaesthesia in Chinese adults.

Photoplethysmography is a non-invasive optical technology that is able to measure blood volume and flow in the peripheral vascular bed. The principle of photoplethysmography is that a light from a light-emitting diode be made to irradiate the skin, then is absorbed, scattered, and reflected by the blood and other tissues. The intensity of the reflected or transmitted light that arrives at the detector is surveyed, and the variations in the photo-probe current are supposed to be sensitive to blood volume and flow change at the measurement site \[[@b7-medscimonit-20-481],[@b20-medscimonit-20-481]\]. The algorithm for computing CSI adopts 4 sub-parameters of the electroencephalogram: the beta ratio, alpha ratio, beta ratio-alpha ratio, and burst suppression ratio. The virtue of CSI is that a fuzzy inference system was used to formulate the index. CSI is a dimensionless unit scale from 0 to 100, where 0 means a flat electroencephalographic signal and 100 suggests the waking state \[[@b21-medscimonit-20-481],[@b22-medscimonit-20-481]\].

A standard unit for measuring photoplethysmogram waveform amplitude does not exist, thus the index of the PPGA can only be recorded according to the tendency of context \[[@b17-medscimonit-20-481]\]. The baseline of photoplethysmogram waveform amplitude (PPGA~(0)~) was recorded as 1 arbitrary unit, and PPGA of other points recorded as the ratio of PPGA~(n)~/PPGA~(0)~, and the PBI was extracted from the photoplethysmogram waveform. Although the MOAAS score has its limitations, it is still used clinically to evaluate a patients' state of awaking or calm because it shows a good correlation with the hypnotic component of anaesthesia \[[@b23-medscimonit-20-481]\]. The P~k~ is widely used in studying the overall relative performance of the various electroencephalogram-derived indexes to monitor the soporific constituent of anesthesia \[[@b24-medscimonit-20-481]\]. Therefore, P~k~ was employed in the data analysis in the present study.

In our study, the declining level of MOAAS, attributed to the induction with propofol alone, did not correlate with the magnitude change in PPGA, PBI, and MAP, but correlated well with the magnitude of change in CSI. Accordingly, CSI, but not PPGA, PBI, or MAP, was able to accurately differentiate the difference between every 2 adjacent levels of MOAAS. CSI showed a higher Spearman rank correlation coefficient for the level of MOAAS than did PPGA, PBI, and MAP. In addition, the CSI exhibited a significantly higher prediction probability (P~k~\>0.9) for differentiating different levels of MOAAS than the other 3 indices (*P*\<0.05). Additionally, in the present study, PPGA and PBI decreased and MAP increased during tracheal intubation and skin incision, but there was no significant change in CSI. This is probably because harmful stress response under general anaesthesia is primarily related to the spinal cord, but CSI has a close correlation with hypnosis, which occurs in the cerebral cortex \[[@b25-medscimonit-20-481]\]. Noxious stimuli, such as intubation or skin incision, activate the sympathetic nervous system, which in turn increases heart rate and causes peripheral vasoconstriction \[[@b26-medscimonit-20-481]\], and then results in changing in PPGA, PBI, and MAP. The findings of present study suggest that photoplethysmography-derived parameters appear to be more suitable for monitoring the nociceptive component of balanced general anesthesia, while the CSI performs well in monitoring the sedation or hypnotic component of balanced general anesthesia. These results are consistent with those of other studies \[[@b27-medscimonit-20-481],[@b28-medscimonit-20-481]\].

Our study is one of the first clinical investigations to clarify features of photoplethysmography in monitoring balanced general anesthesia, compared with CSI, in Chinese adults. Our study has several limitations. Firstly, we only studied 39 patients; to determine how useful the parameters in monitoring balanced general anesthesia might be, more patients should be studied. Secondly, elderly or overweight patients, and patients with a known history of uncontrolled hypertension, diabetes, a history of hyperthyroidism or dysfunction of autonomic nerve system, a history of neurological or connective tissue diseases, or a history of alcohol or substance abuse were not included in the study. Thirdly, we only used tracheal intubation and skin incision as stimuli, and the intensity of stimulation probably varied between participants. The differences between the responses of parameters to other stimuli should be studied.

Conclusions
===========

In conclusion, the present study shows that photoplethysmography-derived parameters appear to be more suitable in monitoring the nociceptive component of balanced general anesthesia, while CSI performs well in detecting the sedation or hypnotic component of balanced general anesthesia. This suggests that synthesized information from various origins may be necessary for monitoring balanced general anaesthesia. However, further investigations of different or larger groups of patients or all kinds of anaesthesia schemes are needed to clarify features of different monitors and explore the optimal combination of indices in monitoring balanced general anaesthesia.
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![Demonstration of a typical photoplethysmogram (PPG) waveform and its parameters. PPGA (peak amplitude) is defined as the distance from baseline to peak, PPGn (notch amplitude) is defined as the distance from baseline to notch, PBI (pulse beat interval) is defined as the time interval of the adjacent beat-to-beat waveform of PPG, and Area (area under the curve) is above the baseline. The amplitude is measured in arbitrary units (au).](medscimonit-20-481-g001){#f1-medscimonit-20-481}

![(**A**) PPGA, (**B**) PBI, (**C**) MAP, and (**D**) CSI, during different sedation levels (MOAAS 5 to 0).](medscimonit-20-481-g002){#f2-medscimonit-20-481}

![Demonstration of the photoplethysmographic waveform at pre- and post-intubation. The peak amplitude was decreased in the post-intubation, and the shape of the waveform was flattened and narrowed. This was also the case at pre- and post- skin-incision.](medscimonit-20-481-g003){#f3-medscimonit-20-481}

###### 

Spearman rank correlations for four indices *vs.* the level of MOAAS, and prediction probability (P~k~) for four indices to predict MOAAS levels.

  Index   *r*     P~k~
  ------- ------- -----------
  PPGA    −0.57   0.68±0.12
  PBI     −0.28   0.53±0.14
  CSI     0.92    0.94±0.05
  MAP     0.42    0.67±0.14

Results are shown as mean or mean ±SD. R -- Spearman Rank Correlation; P~k~ -- PK for OAA/S Levels; PPGA --photoplethysmogram amplitude; PBI -- pulse beat interval; CSI -- cerebral state index; MAP -- mean arterial pressure.

###### 

Values before and after intubation, before and after skin incision, n=39.

               Endotracheal intubation   Skin incision               
  ------------ ------------------------- --------------- ----------- ---------------
  PPGA         4.14±1.06                 2.19±0.6^\*^    3.8±1.1     1.9±0.7^\*^
  PBI(s)       0.91±0.11                 0.82±0.06^\*^   0.89±0.02   0.80±0.08^\*^
  CSI          44.3±5.5                  45.9±5.8        44.9±6.3    46.6±5.7
  MAP (mmHg)   63.5±8.3                  72.4±9.1^\*^    68.7±9.2    74.6±8.9^\*^

Data are presented as mean ±SD. Comparisons by Paired-Samples T Test and ^\*^ *P*\<0.05 was considered statistically significant. PPGA -- photoplethysmogram amplitude; PBI -- pulse beat interval; CSI -- cerebral state index; MAP -- mean arterial pressure.
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